By using two ionization gauges to measure the pressure in the same vessel it is shown that the vapours of diffusion-pump oils are absorbed in the gauges by two processes, one transient, the other continuous. At the steady state the equilibrium in the electrode space of each gauge is dynamic, and the equilibrium pressure depends upon the dimensions of the tube con necting the gauge to the vacuum system. From the steady-state readings the ultimate pres sure of the pump, the partial pressures of the reaction products and the errors of both gauges are calculated for the particular case of Apiezon I . * * 4 B ' oil.
Since the introduction of the oil-diffusion pump in 1928 there have been many attem pts to measure the lowest pressure it could produce. Most of this work has been carried out in industrial laboratories, and only three detailed papers (Hickman 1936 a, 6; Jaeckel 1942) appear to have been published. In each of these papers, as well as in much of the unpublished work, ionization gauges were used to measure the pressure, notwithstanding frequent statements in the literature (e.g. Farkas & Melville 1939) to the effect th at measurements made with this type of gauge may be entirely invalidated by reactions between the gas and the incandescent filament. There is thus an uncertainty in the interpretation of ionization gauge measurements quite apart from that occasioned by the lack of data on probability of ionization.
In his early work on this subject, Burch (1929) considered th at the true ultimate pressure of a pump was the lowest value recorded after the gauge had been thoroughly outgassed, since only then could it be assumed that gas from the electrodes was not making a contribution towards the total pressure. Several years later, Hickman (1936) pointed out th at the initially low value obtained immediately after outgassing was not maintained. He found that after degassing, the gauge reading passed through a minimum and then rose to an asymptote having the same value as th at to which it fell if no heat treatm ent whatever were applied. Since this asymptote was repro ducible, Hickman was led to the conclusion th at its value gave the ultimate pressure of the pump.
By using two gauges to measure the pressure in the same vessel, in the manner shown by figure 1 , the author has demonstrated th at it is possible for an ionization gauge to indicate consistently a pressure of the order 10 times th at a t the asymptote (Blears 1944) , and has concluded th at there is a continuous absorption process going on in the gauge, which is quite independent of the transient effect reported by Hickman. Figure 2 (which is reproduced by courtesy of the editors of ) gives the curves obtained from the gauges shown in figure 1. I t illustrates the low value used by Burch, the asymptote observed by Hickman, and the high value obtained from the gauge directly inserted in the vacuum system.
Apparently the possibility of a continuous absorption process in the ionization gauge has not previously been considered. I t has generally been assumed th at after the initial absorption period, the errors produced by reactions in the gauge are negligible, and the equilibrium in the system is static. The only way in which it has been possible to account for the difference between the pressure indicated by the normal gauge and by the one having very free access to the vacuum system, has been to assume th at there is a continuous flow of residual gas into the gauges. On this view the equilibrium is dynamic rather than static, and accordingly the apparent pressure indicated by the gauge is a function of the size of tube connecting it to the vacuum system.
From this fundamental point it follows immediately th at a true estimate of the pressure in a vessel containing reacting or absorbable gases can only be made when the pressure drop down the connecting tube is either negligible or calculable.
The purpose of this paper is first to show that it is possible to estimate the errors of an ionization gauge caused by gas absorption, and secondly to give the results obtained when a gauge designed to keep these errors very small was applied to the measurements of the ultimate pressures produced by a number of organic pump fluids in two types of oil-diffusion pump.
II. T h e e q u i l i b r i u m i n a v a c u u m s y s t e m
(1) Apparatus The apparatus used for investigating the characteristics of the ionization gauge is shown in figure 1 . A 101. steel bell jar was evacuated by a standard pumping plant consisting of a rotary pump and two oil-diffusion pumps in cascade (Metrovac D.R. 1, 02 and 03). The diffusion pump fillings were Apiezon 'A ' and 'B ' oils re spectively. The internal baffles of the 03 pump had been removed and replaced by a large internal baffle in the bell jar itself. Two ionization gauges having identical electrode systems were used to measure the pressure, one being mounted on a tubula-tion in the normal manner, and the other being removed from its glass envelope and mounted directly inside the bell jar. These gauges have been called the 'norm al' and the 'high-speed' gauges respectively. The gauges were controlled by automatic circuits substantially of the type devised by Ridenour & Lampson (1937) , and the positive ion currents were measured by a d.c. amplifier having a sensitivity of 10,000 mm. per pA. The temperature of the bell jar was controlled by heating the cooling water, and measured by mercury thermometers reading to 0-1° C.
(2) Experimental (a) Nature of the residual gas. I t was observed th at the pressure indicated by the gauges was extremely temperature sensitive, a fact which could mean either th at the residual gas was a vapour, or that it was driven from the walls as an exponential function of temperature. The latter hypothesis was tested by admitting a series of gases and vapours into the bell jar through the needle valve. W ater vapour, carbon dioxide and hydrogen were admitted first, since these were the most probable surface absorbates, but it was found th at each of these produced equal incremental pressure changes in both gauges, whereas if one of them had been identical with the residual gas it would have produced a curve Pg1 versus w obtained by heating the bell jar. Later N 2, CO, C2H 6, C3H8 were admitted with a similar effect, and it was concluded on this evidence th at the substance absorbed by the normal gauge could be none of these. I t could therefore hardly be anything other than the vapour of the working fluid, and th at this was the case was confirmed by distilling a small quantity of Apiezon * B ' oil from a test-tube mounted directly inside the bell jar. Though this experiment is open to criticism, the slope of the curve Pg^ versus Pg. 2 is almost identical with th at obtained after heating the be jar, and leaves little room for doubt th at the residual substance is the vapour of the pump oil. Curves for Pgx versus Pg2 obtained under various conditions are given in figure 3 .
(b) Pressure-temperature relationships. The normal gauge was thorvjghly outgassed by torching repeatedly until the minimum value (i.e. th at at ' B ', figure 2) remained constant after two or more consecutive torchings. The temperature of the bell jar was kept constant throughout this heat treatm ent and, when con sistent readings had been obtained from the normal gauge, the ' B ' value was noted together with the temperature and the corresponding reading of the high-speed gauge. A second ' B ' value was obtained a t the same time by momentarily switching off the high-speed gauge. This procedure was repeated at four different temperatures. The results are plotted in figures 4 and 5. Figure 4 (1) shows the equivalent nitrogen pressure indicated by the normal gauge plotted against th at given by the high-speed gauge; figure 4 (2) shows the drop in the indication of the normal gauge caused by switching off the high-speed gauge momentarily. Figure 5 (1) and (2) show the same pressures plotted on log-linear co-ordinates to a base of temperature. The linearity of these curves leads to the conclusion th at the indications of both gauges are proportional to the pressure in the bell jar over quite wide intervals, since, as has been shown, the residual substance is a vapour. After this experiment both gauges and pumps were allowed to run for a further 16 hr. so th at the reading of the normal gauge approached fairly closely to the asymptote. A second series of readings at four different temperatures was then obtained, between 1 and 2 hr. being allowed at each temperature for conditions to reach equilibrium. These results are also plotted in figures 4 and 5. It will be observed that in this case the-ratio P g J P g2 is not nearly so great as in the previous ment, and further that the linearity is not maintained at pressures greater than 2 or 3 x 10~5 (on the high-speed gauge). The pressure-temperature curve for the high-speed gauge was completely linear, that of the normal gauge showed non linearity at temperatures greater than 28° C. From this fact it was concluded that at higher pressures the normal gauge was no longer able to absorb the same fraction of incident molecules as it could at lower pressures, and analysis was therefore restricted to the low-temperature parts of the curves where linear relationships held.
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(3)
Flow of gases and vapours in the system Figure 6 gives a diagrammatic picture of the system and indicates the flow of vapours and reaction products at the steady state. From this diagram it is possible to put forward an explanation of the observed phenomena.
back-streaming re-evaporation pump F ig u r e 6. Processes and pressures in the system when both gauges are working simultaneously.
Because of vapour absorption, a mass of vapour MQ is evaporated from the under side of the baffle in each second, and this evaporation supplies and M2, the masses of vapour absorbed per second by the gauges and The masses of vapour entering Gx and G2 can be accounted for partly by thermal decomp partly by absorption. If mx and m2 are the masses of reaction products formed per second, the resultant partial pressures of reaction products will be xx and x2 respec tively, xx and x2 being determined by the rate of the reaction, the conductances of the electrodes and evacuating tube, and the speed of the pump.
(4) Resultant pressures When both gauges are running, the pressure in the bell jar is made up from four components: ( a) a residual permanent gas pressure, wT hich was less than 0-2 the high-speed gauge indication and has therefore been neglected; (h) a vapour pressure P0 slightly less than Pv, the ultimate pressure of the pum pressure drop suffered by the vapour in flowing through the baffles); (c) x' 0 and the resultant pressures in the bell jar caused by and x2 in the gauges. The values of Xq and x"Q will of course be less than xx and x2 by calculable amounts.
Under the same circumstances the pressure in the electrode space of Gx is made up from : (a) Px the partial pressure of unconsumed oil vapour, (6) xx the partial pres sure of reaction products formed by thermal decomposition in Gx, (c) x"Q the equi librium pressure in the bell jar of reaction products formed in G2.
Similarly, the pressure in G2 is made up from P2 of unconsumed oil vapour, x2 of reaction products formed in its own envelope, and x' 0 of reaction products formed in Gv I t has been shown th at both gauges respond equally to gases such as methane and propane, therefore if it is assumed that the reaction products take the form of these or similar gases, it follows that both gauges will respond equally to reaction products. Thus, when the high-speed gauge is momentarily shut down the partial pressure Xq will disappear from the system, and the normal gauge G2 will experience a change of pressure of this value. (At the same time the vapour pressure in the bell jar P0 will increase almost to Pv since Mx is no longer being absorbed by the high-speed gauge, but it may be shown that this effect is negligible at the 'B ' values.) Thus, the partial pressure of reaction products formed by the high-speed gauge can be deduced by observing the change of pressure registered by the normal gauge when the high-speed gauge is switched off.
The value of x2, the partial pressure of reaction products formed in G2, cannot be obtained so readily, since throwing off this gauge momentarily does not produce a measurable change in the indication of the high-speed gauge. I t therefore becomes necessary to make the following assumptions:
(а) That at the asymptotes when all adsorption on the glass work has ceased, both gauges absorb oil vapour by the same mechanism.
(б) That so long as the logPg-T curves are linear, the mass of vapour absorbed per second, and the mass of reaction products formed per second, is proportional to the partial pressure of oil vapour in the respective electrode systems.
(5) Calculation of partial pressures of papour and reactio A first approximation to the value of xx, the partial pressure of reaction products formed in the high-speed gauge, is given directly by the difference in the curves (1) and (2) of figure 4. The value measured experimentally is x'0, and this of course is less than xx by an amount which can be calculated in terms of ux, the conductance of the gauge electrodes, and Sp, the speed of the pump. Figure 4 gives the value of x' 0 directly in terms of the total indication of the high-speed gauge as ^I + 4 + Pl) = 1/140.
Calculation yields the value of xx: xxl(xx + Px) 1/96.
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This result means th at the ionization of reaction products accounts for only just over 1 % of the total indication of the high-speed gauge compared with the 0-7 % given by the direct experiment.
No simple approximation to the partial pressure of reaction products formed in the normal gauge has yet been found, but analysis based on the assumptions (a) and (6) above leads to the expressions: Sp is the speed of the pump. By substituting numerical values in these equations it can be shown th at reaction products formed in the normal gauge account for just under 20 % of its indication. Thus in neither case does ionization of reaction products account for the major constituent of the ionization current.
The partial pressure of oil vapour in the bell jar, can be obtained by sub stituting equation (4) 
Thus the high-speed gauge indication corresponds to 83 % of the bell-jar pressure and 79 % of the ultimate of the pump.
These results contrast very favourably with the indications of the normal gauge which, even at the asymptote, records only 7-2 % of the pressure in the bell jar, the remaining 92-8 % being accounted for by absorption.
The whole position as to pressures at the steady state in the various parts of the system has been summarized in table 1. Pv has been given the arbitrary value 100 and all the other pressures are relative to this. On a basis of these results it may be concluded th a t by using a gauge having free access to oil molecules, and by providing a large evaporating surface, so th at the mass of vapour absorbed per second is small compared with the rate of evaporation, it is possible to use the ionization gauge to measure the pressure corresponding to the saturation vapour pressure of the oil. The errors of such a gauge are small and can be calculated, but for normal practice it is not essential to use two gauges, provided the one used satisfies approximately the conditions laid down in the following definition:
T a b l e 1. R e l a t i v e p r e s s u r e s i n d i f f e r e n t p a r t s o f t h
The high-speed ionization gauge is defined ideally as a gauge in which every molecule absorbed is immediately replaced, and where every molecule produced by reactions is immediately removed, so that the pressure in the interelectrode space is always equal to the pressure in the rest of the vacuum system. I t is to be noted th at such a gauge would give the right answer even if no gas or vapour absorption were taking place.
Having reached this conclusion it seemed worth while to measure with a high speed ionization gauge the ultimate pressures of oils previously tested by the normal technique. This work will now be described.
III. M e a s u r e m e n t s o n s o m e t y p ic a l o il s
(1) Apparatus A similar pumping plant to that used for investigating the characteristics of the high-speed ionization gauge was used for the series of tests now to be described. In this case, however, the cold baffles of the 03 pump were left in position and the external bell jar and baffles were dispensed with. Two types of jet system were used in the 03 pump, first a standard single-jet system, and second, the jets of a simple type of three-stage fractionating pump, specially built to fit into the 03 body.
The electrodes of the high-speed gauge used in these experiments were identical with those of the internal gauge described in § II and were mounted in a glass dome 3 in. diameter, 3| in. deep which was lapped to fit on the pump flange and sealed there with Apiezon 'L ' grease.
The pump cooling water was fed from a constant-head apparatus and was electrically heated by an immersion heater supplied from a constant-voltage trans former. By this simple method it was found possible to maintain the temperature of the cooling water constant within 0*1° C for long periods, the incoming water supply fortunately being a t practically constant temperature for periods of a few hours. This experimental arrangement enables the overall performance of the oil, pump and baffle to be assessed.
(2) Oils investigated The Apiezon oils investigated were of recent manufacture. The Octoil ' S ' had been carefully stored in a cool dark place, but had been there since 1938. The other samples were of more recent origin, the Litton oil about 1 year old, the Arochlor about 4 months, and the East Anglia Oil about the same age when the tests were carried out on them.
(3) Experimental (a) Pressure-time curves. Twenty minutes after switching on the diffusion pumps readings of the positive-ion current were commenced and continued until the apparent pressure became reasonably constant. In general, a period of 20-80 hr. elapsed before this condition was obtained. Figure 7 shows the fall in pressure during the first 2 hr. of operation of Apiezon 'B ', Litton oil, and Octoil ' S ' in a standard 03 pump. The cooling water in each case was at a temperature of 16-0° C. Perhaps the most significant feature of these curves is their similarity; after 2 hr. all the ultimate pressures lie between limits 0-5 and 2-0 x 10~5 mm. mercury. This pressure is entirely due to oil vapour, there being no appreciable permanent gas pressure at any time after 30 min. from switching on the pumps. Readings on these oils were continued for periods up to 3 days, and the longperiod results appear in figure 8 . Here it will be seen th at though the ultimate pressure given by ' B ' oil continued to fall for the whole period, th a t of the other two oils showed a well-defined minimum, after 5 hr. in the case of Octoil 'S ' and after 15 hr. in the case of Litton oil. After these periods the ultimate pressures of Octoil ' S ' and Litton oil continued to rise, crossing the curve for Apiezon ' B ' after 43 and 33 hr. respectively.
When, however, these oils were tested in the fractionating pump an entirely different state of affairs was obtained. All the oils continued to improve for the whole period of the tests, the improvement being most striking in the case of Octoil ' S ' where, after 70 hr., the pressure in the fractionating pump was less than 5 % of th a t in the normal 03 pump after the same time. Pressure-time curves for Octoil 'S ' and Apiezon ' B ' in fractionating and non-fractionating pumps are given in figure 8 . (6) Pressure-temperature curves. Because of the variation of pressure with time observed in the previous experiment, and of the fact that it was found necessary to wait for at least 1 hr. after changing the cooling water temperature for conditions to stabilize, it was not possible to obtain exact relationships between pressure and temperature early in the run. The procedure adopted was to run the pump for 16 hr. at constant temperature before taking the first reading, and then to vary the tem perature in four distinct steps, plotting a pressure-time curve at each temperature, finally returning to the initial temperature. If the final pressure was more than 10 % different from the initial, it was concluded th at the composition of the oil had changed more than could be tolerated, and a new series of readings was made. From the pressure-time curve obtained a t each temperature the pressure corresponding to th at temperature was deduced and a pressure-temperature curve was then plotted on the log-linear co-ordinates. In figure 9 are given the pressure-temperature relationships for nine materials which have been used as operating media for oil-diffusion pumps. For comparison purposes, a curve for mercury has been added (the 20° C value for this material was measured with the ionization gauge, but the slope is taken from the standard tables).
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There is surprisingly little difference in the ultimate pressures attainable with the various oils. Omitting Arochlor and dibutyl phthalate, which are not intended for the production of really high vacua, there is only a factor of 15 between the best and the worst oils. Ultimate pressures a t 20° C for all the oils used are given in table 2. Figure 10 illustrates the improvement which was obtainable by running a number of the oils in a simple type of fractionating pump. Each of these curves was obtained [16] [17] [18] [19] [20] [21] [22] [23] [24] hr. after starting up the pumps and the pairs of curves, fractionating and nonfractionating, show that even with a very simple form of pump, fractionation enables the pressure obtainable by each fluid to be reduced to a half or a third of its value in a standard type of pump. A significant point brought out by these curves, is th at the single boiling-point substance Octoil ' S ' fractionates to about the same extent as the supposedly wide-range hydrocarbon oils.
IV. C o n c l u s io n s
When the ultimate pressures measured with a high-speed gauge are compared with those obtained with normal gauges under similar circumstances, it is found th at the new values are in general 3-100 times higher than those obtained earlier during the past 15 years. On the basis of the evidence given in this paper it is concluded th at the new values are a closer approximation to the truth, and th a t the ultimate pres sures of oil-diffusion pumps are higher than was thought.
Since the production of a low pressure is dependent on the design of the pump as well as on the kind of oil used in it, it seems th at further research to improve both will be needed. I t should not be forgotten th at there are other features of importance in the choice of an oil, for example, its thermal and chemical stability, and the rate at which it can be boiled without decomposition. All these features have to be con sidered before the desirability of using a new substance can be established, and it is considered th at in spite of the manifest disadvantage th at it responds differently to different gases, the high-speed type of ionization gauge is capable of yielding much more information of interest and value on these aspects of the problem.
I t is hoped th at in the near future there may be an opportunity to carry out further research on the mechanism of the continuous absorption process and on the application of the high-speed gauge to work where its short period and freedom Jrom the effects of absorption and degassing can be used with advantage.
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